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Abstract Acoustic waveform inversions can provide estimates of volume flow rate and erupted mass,
enhancing the ability to estimate volcanic emissions. Previous studies have generally assumed a simple
acoustic source (monopole); however, more complex and accurate source reconstructions are possible with
a combination of equivalent sources (multipole). We deployed a high-density acoustic network around
Yasur volcano, Vanuatu, including acoustic sensors on a tethered aerostat that was moved every
∼15–60 min. Using this unique data set we invert for the acoustic multipole source mechanism using a grid
search approach for 80 events to examine volume flow rates and dipole strengths. Our method utilizes
finite-difference time-domain modeling to obtain the full 3-D Green's functions that account for
topography. Inversion results are compared using a monopole-only, multipole (monopole and dipole),
simulations that do not include topography, and those that use a subset of sensors. We find that the
monopole source is a good approximation when topography is considered. However, initial compression
amplitude is not fully captured by a monopole source so source directionality cannot be ruled out. The
monopole solution is stable regardless of whether a monopole-only or multipole inversion is performed.
Inversions for the dipole components produce estimates consistent with observed source directionality,
though these inversions are somewhat unstable given station configurations of typical deployments. Our
results suggest that infrasound waveform inversion shows promise for realistic quantitative source
estimates, but additional work is necessary to fully explore inversion stability, uncertainty, and robustness.
1. Introduction
Volcanic eruptions emit a considerable amount of acoustic energy in the infrasonic band (acoustic signals
<20 Hz) with minimal absorption that can be recorded from local (<15 km) to global (>250 km) distances
and used to detect, locate, and quantify volcanic emissions in real time (e.g., Fee & Matoza, 2013; Matoza
et al., 2019). Acoustic waveform inversions can provide estimates of volume flow rate and mass eruption
rate, which are invaluable parameters for volcano monitoring and ash transport models (Fee et al., 2017;
Kim et al., 2015). Similar methods can be applied to anthropogenic sources to estimate explosion yield (Kim
& Rodgers, 2016).
Acoustic signals from volcanic explosions comprise the source as well as propagation effects the wave
encounters along the path from the source to receiver (e.g., topography, atmospheric conditions). Proper
modeling of these propagation effects allows the unknown acoustic source parameters of the explosion to
be recovered from the recorded waveforms (e.g., Kim et al., 2015). While some studies have shown that
atmospheric conditions can be retrieved from acoustic waveforms (e.g., Johnson et al., 2012; Ortiz et al.,
2018), they are often assumed to have negligible impact on the acoustic waveforms at local distances of less
than a few kilometers (e.g., Fee et al., 2017; Johnson & Miller, 2014; Kim et al., 2015). However, numerous
studies (e.g., Fee et al., 2017; Kim & Lees, 2014; Kim et al., 2015; Lacanna & Ripepe, 2013; Matoza et al.,
2009) have established that the local topography of a volcanic edifice can affect the recorded waveforms
and therefore the calculation of mass flow rate via waveform source inversion. Therefore, it is important to
account for topography in acoustic source inversions for locations with intricate topographic features (i.e.,
most volcanoes).
Previous volcanic studies have generally assumed a simple volumetric acoustic source (monopole); how-
ever more complex and accurate source reconstructions can be estimated using a combination of pressure
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Figure 1. Radiation pattern of an acoustic (a) monopole and (b) dipole. Black and white circles represent positive and
negative monopole sources, respectively.
fluctuations from volume changes and shifts in momentum of a fluid (multipole) (Johnson et al., 2008; Kim
et al., 2012). The actual acoustic source is likely dependent on the type of volcanic activity, where blast-type
explosions may be best represented by a simple volumetric source (Fee & Matoza, 2013; Fee et al., 2017;
Johnson, 2003; Kim et al., 2015; Matoza et al., 2014; Woulff & McGetchin, 1976), while sustained eruptions
likely have a more complicated mechanism similar to jet noise (Matoza et al., 2009, 2013).
Our study aims to determine if acoustic directionality is resolvable and explore the stability of bothmonopole
and multipole source inversions of discrete explosions of Yasur volcano by sampling the wavefield in both
the horizontal and vertical directions. Our deployment consists of a traditional deployment of infrasound
sensors on the ground surface, as well as a sensor onboard a tethered aerostat that was fixed at various loca-
tions around the volcanic crater, capturing explosions from a variety of azimuths and inclinations (Jolly
et al., 2017). We use finite-difference time-domain (FDTD) modeling to obtain the full 3-D Green's func-
tions for each propagation path from source to receiver. This method, following Kim and Lees (2014),
takes into account realistic topography based on a high-resolution digital elevation model created using
structure-from-motion techniques. We then invert for the minimum error solution source location and
acoustic source mechanism using a grid search approach (Kim et al., 2015). We perform this inversion
for 80 events from the two vents of Yasur to examine the source characteristics of the vents, including an
infrasound-derived volume flow rate as a function of time and acoustic radiation directionality after the
influences of topography are removed.
2. Background
2.1. Acoustic Multipole Sources
Awell-constrained acoustic source inversion requires extensive station coverage in order to fully sample the
wavefield (Kim et al., 2012). If the acoustic source region is compact (small compared to the wavelength of
interest), the source can be represented as a sum of equivalent point sources (Kim et al., 2012; Matoza et al.,
2013). An acoustic multipole source mechanism is a combination of pressure fluctuations from monopole,
dipole, and quadrupole sources (Lighthill, 1952). A monopole (or simple) source represents the net change
of mass flow rate in a compact source region. Lighthill (1978) defines the pressure at time t and distance r
resulting from a monopole source as
p(t, r) =
.
S(t − r∕c)
4𝜋r (1)
where
.
S is the source strength (rate of change of the mass flow rate) and c is the speed of sound. The
monopole generates sound that radiates equally in all directions (Figure 1a). The dipole source is equivalent
to force or momentum changes within the fluid (i.e., no net introduction of fluid) and can be represented
by two closely spaced (with respect to the acoustic wavelength) monopoles that are out of phase by 180◦
(Figure 1b). The acoustic dipole results in directivity of the acoustic radiation pattern, where there is zero
pressure change orthogonal to the dipole axis (pressure null axis) and the maximum pressure change exists
at the dipole axis (Johnson et al., 2008; Lighthill, 1952). Dipole source mechanisms are less efficient than
a monopole source since the two alternating simple sources have a combined radiation pattern that can-
cels much of the radiated energy (Kim et al., 2012; Lighthill, 1952). Dipole sources can be combined to
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form higher-order source terms (lateral and longitudinal quadrupoles, etc.). In this study, we focus on the
monopole and dipole components and refer to their combination as a multipole.
Volcanoes erupt in a variety of styles including lava fountaining and effusive activity (Hawaiian), discrete
blasts (Strombolian and Vulcanian), and high-energy sustained ash emissions (Subplinian-Plinian). While
impulsive, blast-type volcanic explosions such as those common to Yasur volcano have been shown to be
well approximated by a monopole source (e.g., Fee & Matoza, 2013; Fee et al., 2017; Johnson, 2003; Kim
et al., 2015; Witsil & Johnson, 2018; Woulff & McGetchin, 1976), higher-order acoustic terms might also be
present and provide valuable information about the eruption (De Angelis et al., 2016; Johnson et al., 2008).
Multipole radiation can be expressed as a combination of a monopole, horizontal dipole, and vertical dipole
(Johnson et al., 2008; Kim et al., 2012). The vertical dipole has previously been neglected for many studies of
volcanic eruptions due to infrasound sensors only being placed on the Earth's surface (Matoza et al., 2013).
Johnson et al. (2008) solved for a subvertical dipole orientation where sensors located on the crater rimwere
above the crater floor. Studies such as McKee et al. (2017) and Rowell et al. (2014) have taken advantage of
surrounding topography for network deployments at Aso and Karymsky volcanoes, respectively, in order to
improve vertical coverage of infrasound sensors; however, not all volcanoes have the advantage of nearby
high relief topography. This study, for the first time, incorporates the vertical dipole component using acous-
tic data collected on a tethered aerostat, which has great flexibility for sensor location andmay sample closer
to a hypothetical vertical dipole axis.
2.2. Acoustic Source Inversion
Waveform inversion techniques allow the construction of quantitative source models for a wide range of
volcanic processes and hence have become popular for the studies of both seismic (e.g., Chouet et al., 2005;
Ohminato et al., 1998) and acoustic (e.g., Johnson et al., 2008; Kim et al., 2012, 2015) data. Previous infra-
sound studies have assumedmonopole (e.g., Fee et al., 2017; Johnson &Miller, 2014; Kim& Lees, 2011; Kim
et al., 2015), dipole (e.g., Caplan-Auerbach et al., 2010; Lamb et al., 2015), and multipole (e.g., De Angelis
et al., 2016; Johnson et al., 2008; Kim et al., 2012) sourcemechanisms. Additionally, many studies have com-
pared infrasound-derived gas volumes with UV camera data (e.g., Dalton et al., 2010; Delle Donne et al.,
2016), visual camera (e.g., Johnson&Miller, 2014;Witsil & Johnson, 2018), thermal imagery (e.g., DeAngelis
et al., 2016), and ground-based (e.g., Fee et al., 2017) and satellite (e.g., Albert et al., 2015) ash and gas emis-
sion estimates. These multidisciplinary studies have allowed for greater insight into the acoustic source
mechanism by using independent measures to compare with the infrasound results. However, these com-
parisons are complicated by the fact that all methods have their own inherent assumptions and associated
errors.
A few studies have inverted for the combined monopole and dipole source mechanism, though none have
incorporated the effects of topography and numerical Green's functions. Johnson et al. (2008) inverted for
the volume flux of a volcanic explosion using the monopole-only, dipole-only, and multipole source mech-
anisms for lava lake explosions at Mt. Erebus, Antarctica. They found that the initial tearing of the bubble
membrane likely radiated as a dipole source that transitions into a predominantly monopole source as the
bubble membrane is fully compromised. Kim et al. (2012) performed multipole (monopole and dipole)
source inversions for explosions at Tungurahua volcano, Ecuador and concluded that the observed strong
directivity of infrasound radiation can be explained by an “effective dipole” largely resulting from volcanic
crater topography preferentially directing the sound radiation.
At local distances, topography can alter the recorded acoustic waveforms. Therefore, constraining the effects
of topography has proven important for acoustic source inversions (Kim & Lees, 2014; Kim et al., 2015).
The FDTD code used in this study to constrain topographic influences was first published in Kim and Lees
(2011), where diffraction of acoustic waves on the vent rim edge was observed both in recorded and synthet-
ically produced waveforms at Karymsky volcano, Russia. Lacanna and Ripepe (2013) used a FDTDmethod
in 2-D Cartesian coordinates to constrain the influence of topography on the acoustic wavefield assuming
a simple monopole source. Kim and Lees (2014) incorporated a digital elevation model for the FDTD for-
ward model to calculate the full 3-D Green's functions, finding that including effects of topography can
improve reverse time modeling techniques for source localization. Kim et al. (2015) then used the updated
FDTD forward model methods from Kim and Lees (2014) and source inversion work by Kim et al. (2012) to
invert for the monopole source time function, finding that a monopole source was sufficient to accurately
model explosions at Sakurajima volcano, Japan. Kim et al. (2012) and Lacanna and Ripepe (2013) showed
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Figure 2. Yasur location map and sensor deployment. The volcanic edifice is represented by the digital elevation model
using 20-m contour intervals. Red inverted triangles represent infrasound stations used in this study, pink diamonds
represent active vents (Vent C is north and Vent A is south), and green and blue circles show the aerostat locations in
the x-y plane for the Vent A and Vent C explosions used in this study, respectively. Inset shows the location of Yasur
volcano in the Vanuatu archipelago.
that neglecting topography for acoustic waveform inversions can lead to large source estimation errors and
should therefore be accounted for. More recently, the methods laid out in Kim et al. (2015) were extended to
determine total erupted mass and then compared with independent estimates derived from ash collection
systems and gas measurements by Fee et al. (2017), finding good agreement between the two methods.
While previous work has focused on quantifying the volume and mass flow rates for volcanic eruptions, a
multipole acoustic waveform inversion that includes both the vertical dipole component and accounts for
3-D topography simultaneously has not been performed. Herewe build upon these previous studies by using
the inversion method of Kim et al. (2015) and including the multipole source. By accounting for topography
to create the synthetic waveforms, we can examine how much of the observed directive radiation pattern
(Jolly et al., 2017) is due to topography or source directivity (i.e., a dipole source mechanism), a problem
evident in Kim et al. (2012) that has remained undetermined.
2.3. Yasur Volcano, Vanuatu
Yasur volcano (360 m above sea level) is a basaltic to basaltic-andesitic scoria cone located on the island
of Tanna, Vanuatu. Activity is characterized by continuous gas emissions punctuated by frequent Strom-
bolian to Vulcanian explosive activity for at least the past 300 years (Simkin et al., 1981). Eruption rates at
Yasur are high, with up to several explosions per minute (Battaglia et al., 2016b; Meier et al., 2016). Passive
degassing composition differs from that of gases released by explosions, suggesting explosions are driven
by deep volatile exsolution (Métrich et al., 2011), which is typical for volcanoes with Strombolian activity.
The 400-m-wide summit crater is divided into two subcraters, North (Vent C) and South (Vents A and B)
(Figure 2). Yasur's multiple vents are thought to come from a single homogeneous magma supply based on
seismic (Kremers et al., 2013) and petrologic (Kremers et al., 2012) evidence. Yasur is a prolific and reli-
able source of infrasound which is regularly detected as far as 600 km and used to validate and update wind
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models (Assink et al., 2014; Le Pichon et al., 2005). A number of recent studies have focused on seismic
and infrasound signals at Yasur volcano and their relation to other multidisciplinary data sets including UV,
thermal imagery, and Doppler radar (e.g., Battaglia et al., 2016a, 2016b; Jolly et al., 2017; Kremers et al.,
2013; Marchetti et al., 2013; Meier et al., 2016).
3. Methods
3.1. Data Collection
The field campaign at Yasur occurred in July to August 2016 and was a joint effort between the University of
Alaska Fairbanks (UAF), University of California Santa Barbara (UCSB), GNS New Zealand, University of
Canterbury in New Zealand, and the Vanuatu Meteorology and Geohazards Department. We focus on data
from six ground-based Chaparral Physics Model 60 UHP infrasound sensors, five located around the crater
rim (YIF1-5) and one ∼1 km from the vent (YIB2.1) (Figure 2). An infraBSU-type sensor was deployed on
the aerostat. This sensor uses a MEMS transducer with an operation similar to that described in Marcillo
et al. (2012). Because the aerostat sensor was in a different location for every explosion, we name them as
separate stations (and therefore events) as YBAL.3(vent; event number). Chaparral Physics Model 60 UHP
infrasound sensors have a flat response between 33 s to Nyquist and pressure range of ±1,000 Pa, and were
sampled at 400Hz. TheBSU-type sensorwith flat response from30 s toNyquist on the aerostatwere sampled
at 200 Hz. Infrasound data were digitized using the Omnirecs DATA-CUBE digitizers.
The aerostat operated from 29 July to 1 August 2016 during the daytime hours and was moved every
15–60 min to a new stationary tether position. By the end of the experiment, the aerostat occupied 38 loi-
ter positions that spanned ∼200◦ in azimuth and 50◦ in takeoff angle (defined as the angle viewed from the
eruption crater with vertical equal to 90◦) (Jolly et al., 2017). The five crater stations spanned an azimuth of
207◦. Unfortunately, a sixth crater station (YIF6.1) located to the northwest side only had data for 28 July to
29 July, leaving an azimuthal gap in acoustic wavefield coverage for nearly the entire experiment when the
tethered aerostat sensorwas deployed. Therefore,we donot useYIF6.1 in our study aswe favor data collected
aboard the tethered aerostat. In addition to the acoustic equipment, the campaign included eight broad-
band seismometers, an unmanned aerial vehicle (UAV) supplemented by survey-grade GPS, high-definition
video, multiangle GoPro video, forward looking infrared camera (FLIR), and Fourier transform infrared
spectroscopy (FTIR). However, we focus only on infrasound data in this study. Jolly et al. (2017) describe
the details on the aerostat deployment and observations.
3.2. DEMCreation
At local distances, previous studies have indicated that topography can largely affect acoustic waveforms
(e.g., Kim & Lees, 2011, 2014; Kim et al., 2015). Therefore, we can investigate source dynamics once topog-
raphy is considered in the modeling using an accurate digital elevation model (DEM). However, obtaining a
high-resolution DEM at active volcanoes is challenging. DEMs derived using visible band sensors are gen-
erally the most cost-effective and feasible options for a remote island (Tanna, Vanuatu) and a highly active
volcano (Yasur, explosions every 1–4 min), but the images we acquired for Yasur were obscured by both
meteorological and volcanic clouds in the vent region. Additionally, the crater morphology can change over
short periods of time due to the frequent explosions, thus requiring a DEM acquired near the time of the
experiment. To account for this we combined DEMs created by (i) a UAV using structure-from-motion tech-
niques within the crater (resolution 1.5 m); (ii) Worldview02 satellite stereo pairs collected on 26 September
2012 around the volcanic edifice (resolution 2m); and (iii) ASTERGlobal (resolution 29m) farther out from
the crater andwithin the holes of theWorldview-derivedDEMwhere clouds (both volcanic andmeteorolog-
ical) existed. These three DEMs were stitched together and smoothed in order to create a composite DEM.
In the crater area where infrasound is most affected by topography, resolution was∼2m. For computational
reasons, the entire combined DEM was evenly resampled using 2-m grid spacing.
3.3. InverseModel for the Acoustic Multipole SourceMechanism
The inversion method here follows that first proposed by Kim et al. (2015), which minimizes the misfit
between the data and synthetic waveforms for a grid of trial source nodes over an assumed source region.
We simulate the full 3-D numerical Green's functions (i.e., response from a simple source to receiver)
for a monopole and horizontal and vertical dipole using FDTD modeling by solving a set of first-order,
velocity-pressure coupled differential equations (Kim & Lees, 2011; Ostashev et al., 2005). The FDTD mod-
eling follows Kim and Lees (2014) which incorporates the use of a DEM to account for realistic topography
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and uses a graphics processing unit (GPU)-based approach in a compute unified device architecture (CUDA)
environment, with compilation of the codes done using nvcc (NVIDIA compiler for CUDA-enabled codes).
A simple source (Blackman Harris window function) with a cutoff frequency of 10 Hz is propagated over
the aforementioned DEM (section 3.2). Earth's surface is treated as a rigid boundary, though in reality some
energy is likely absorbed (Kim et al., 2012). The PerfectlyMatched Layers technique is employed at the other
model boundaries to create an absorbing boundary and remove reflections. The model grid is 2.2 × 2.4 ×
0.5 km with spacing of 2 m. This corresponds to 22 grid nodes per shortest wavelength in our filtered data
(0.1–8 Hz), which is greater than the recommended minimum of 10 grid nodes (Wang, 1996). We use a grid
search over 15 × 15 points with nodes spaced 15 m apart for the likely source location and pin these points
to the DEM surface. Green's functions are computed for a duration of 6 s with a time step 0.001 s, which is
long enough for the source to propagate well past all stations in the deployment. Sound speed and air den-
sity are assumed to be homogeneous at 346.4 m/s and 1.18 kg/m3, respectively, based on a representative
temperature value collected during the field campaign. Our method ignores wind and nonlinear behavior,
which we examine further in section 5.
Acoustic pressure p(xr , t) at distance xr and time t can be represented by a monopole (mass flow rate) and
the x, y, and z components of a dipole force given by Pierce (1989)
p(xr , t) = G(xr , t; xs) ∗
𝜕S(t)
𝜕t +
𝜕G(x, t; xs)
𝜕xs
∗ Fx(t) +
𝜕G(x, t; xs)
𝜕𝑦s
∗ F𝑦(t) +
𝜕G(x, t; xs)
𝜕zs
∗ Fz(t) (2)
where G(xr , t; xs) is the Green's function for a monopole, and xr and xs are the receiver and source position,
respectively. Here, S(t) is the mass flow rate at the source, and Fx(t), Fy(t), and Fz(t) are the time histories of
forces in x, y, and z directions, respectively. 𝜕∕𝜕xs, 𝜕∕𝜕ys, and 𝜕∕𝜕zs denote partial derivatives with respect
to the source coordinate. The reader is referred to Morse and Ingard (1986) and Kim et al. (2012) for details
on the monopole and dipole source mechanisms.
According to equation (2), the Green's functions for an arbitrary dipole, Fx, Fy, and Fz, can be defined by the
spatial derivative of the monopole Green's function.
Dx ≡
𝜕G(xr , t; xs)
𝜕xs
(3)
D𝑦 ≡
𝜕G(xr , t; xs)
𝜕𝑦s
(4)
Dz ≡
𝜕G(xr , t; xs)
𝜕zs
(5)
For the grid search method, the Green's functions G, Dx, Dy, and Dz can be determined by 3-D numerical
simulation for every possible source location, which is computationally very expensive. Here, we use the
reciprocal property of the Green's function (Morse & Ingard, 1986) to reduce the number of simulations.
The reciprocity theorem leads to
G(x, t; xs) = G(xs, t; x) (6)
𝜕G(x, t; xs)
𝜕xs
=
𝜕G(xs, t; x)
𝜕xs
(7)
Therefore, instead of running 225 numerical simulations for the monopole Green's functions at the 15 × 15
source grid, we can obtain the same Green's functions by only seven simulations with a source at each
receiver position. In addition, the dipole Green's functions can be calculated by spatial differentiation of the
monopole Green's functions without additional simulations. The spatial derivatives of the Green's function
can be further converted to temporal derivatives of particle motions by the first-order equation of motion
(Morse & Ingard, 1986) that leads to
𝜕p(x, t)
𝜕x = −𝜌(x)
𝜕vx(x, t)
𝜕t (8)
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where 𝜌(x) is the density, and vx(xs, t; x) is the x component of acoustic particle velocity. By substituting
equation (8) in equation (6), the dipole Green's function can be rewritten as
Dx =
𝜕G(xs, t; x)
𝜕xs
= −𝜌(xs)
𝜕vx(xs, t; x)
𝜕t (9)
and substituted back into equation (2) and similarly for the other two components (y and z). Because the
output of numerical simulation is a time series, temporal differentiation is often more straightforward than
spatial differentiation which requires additional time series at adjacent grid points. The model simulations
output a pressure time history response to the Blackman Harris window function source recorded at the
station, which we refer to as the 3-D Green's functions, similar to previous studies (e.g., Fee et al., 2017; Kim
et al., 2015).
We perform a linearized waveform inversion using the observed acoustic data and Green's functions
calculated in the previous steps to solve for the source location and multipole (monopole and dipole simul-
taneously) source time function using a grid search approach. Building on the methods of Kim et al. (2015)
we use a simple rearranged version of equation (2)
[
G Dx D𝑦 Dz
]
⎡⎢⎢⎢⎢⎣
.
S
Fx
F𝑦
Fz
⎤⎥⎥⎥⎥⎦
= Gm = d (10)
wherem is the solution vector of the mass flow rate and forces, G is the matrix representing the monopole
and dipole Green's functions calculated from the FDTD forward model, and d is the observed acoustic pres-
sures. Data are band-pass filtered between 0.1 and 8Hz using a zero-phase filter and awindow length of 5.5 s
after the explosion onset. We zero each trace prior to the explosion onset and allow for slight discrepancies
in arrival time at the stations (e.g., unaccounted for winds, temperature, station/vent location) by allowing
a cross-correlation time-shift between Green's functions and observations of up to 0.04 seconds (a similar
study by Fee et al. (2017) used 0.5 s).
The source location is determined by calculating the waveformmisfit (residual) for the inversion using each
grid point as the source location by solving the following equation using a LSQR iterative solver for linear
equations (Paige & Saunders, 1982).
R = (d −Gm)
T(d − Gm)
dTd (11)
The grid point with the minimum residual is chosen as the preferred source location on the surface of the
DEM. We perform the grid search inversion for the monopole-only source and use the grid point with the
minimum residual as the source location for the multipole inversions. The inversion produces the expected
synthetic acoustic waveform in pascals (Pa) at each station as well as the associated solution vector, or mass
flow rate S(t) in kilograms per second (kg/s), at the source. This mass flow rate is simply converted to a
volume flow rate of displaced air (e.g., Fee et al., 2017; Johnson et al., 2008) using
V(t) = 1
𝜌air
· S(t) (12)
where 𝜌air = 1.18 kg/m3. Finally, we apply a simple linear trend correction to the final volume flow rate,
detailed in the following section (section 3.4).
3.4. Signal Conditioning
For volcanic explosions, the recorded infrasound waveform's integrated compression (positive pressure) is
not necessarily equivalent to that of the rarefaction (negative pressure). Therefore, while infrasound traces
may taper to zero after an explosion has ceased, the integrated pressure (flow rate) may not go to zero after
the explosion signal has ended. Consequently, the twice integrated pressure (cumulative flow rate) does
not plateau, as it should under a linear assumption as mass is assumed to no longer be ejected from the
vent. Johnson and Miller (2014) propose a signal correction technique, Finite Window Zero Pressure Zero
Flux (FWZPZF), to mitigate the offset by performing a linear detrend on each station's waveform prior to
performing the inversion. The detrend point for each station occurs where the integrated flow rate returns to
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Figure 3. Comparison of linear detrending pre-inversion and post-inversion
for an example Vent C explosion. (a) Shows the volume flow rate and
(b) shows the cumulative volume, both as a function of time. The output of
our inversion model without modification is shown in black, the inversion
using the FWZPZF method of Johnson and Miller (2014) is shown in blue,
and our proposed post-inversion linear correction is shown in red.
zero. This method is effective at removing the flow rate offset, but the
detrend for each station is applied to waveforms prior to the inversion
that contains both source and path effects. It is not viable for ourmultista-
tion, grid search inversion incorporating numericalGreen's functions and
could lead to potential errors. Kim et al. (2015) removes the linear trend
from the flow rate after the inversion but does not explore how this com-
pares to the results following Johnson andMiller (2014) exactly. Fee et al.
(2017) apply a linear detrend and demean to six stations using a different
start and endpoint for each station following Johnson and Miller (2014).
However, this simple detrend does not appear to bring the flow rate back
to zero for all of the 49 explosions examined (see Figure 3 in Fee et al.,
2017). Anderson et al. (2018) use a slightly different method for detrend-
ing where the optimal drift minimizes the L2 norm of the estimated flow
rate:
qt = Hi𝑗(p𝑗 −mt𝑗) (13)
where qt is themass flow rate,Hij is the ordinary least squares generalized
inverse of the Green's functions, pj is the recorded pressure,m is the slope
of the instrument drift, and tj is time.
Here we propose a linear detrend on the post-inversion flow rate that
yields similar results to the FWZPZF method and does not rely on
detrending the raw waveforms. We choose the first substantial increase
in flow rate to be the start point for the linear detrend and the last value
in the flow rate to be the end point of the detrend. We compare linear
detrending both pre-acoustic and post-acoustic source inversion for an
example explosion at Yasur in Figure 3. The linear trend correction both
pre-inversion and post-inversion yields similar cumulative flow rates that
level off after the explosion has ceased (as comparedwith the uncorrected
inversion result). This figure also illustrates the necessity of detrending
acoustic inversion results in general.
3.5. Event Selection
We select a limited number of explosions for inversion due to the high level of activity during the cam-
paign and the computational cost of running the FDTD forward model for each of the aerostat sensor
locations. Because the aerostat station location was different for each explosion, the Green's functions had
to be uniquely calculated for each explosion. Out of the entire infrasound data set, we only searched for
explosions during times when the aerostat station was tethered (and therefore the sensor location was
well-constrained). To select events we apply a simple recursive STA/LTA (length of short-term average win-
dow = 0.005 s, length of long-term average window = 0.15 s) on the aerostat sensor data using a trigger
threshold of 8, yielding a total of 201 events. Events are distinguished between the north and south crater
based on the arrival times at the crater stations, which was later confirmed in the grid search inversion
discussed in section 3.3. We then select 40 events for each vent and ensure a wide distribution of aerostat
locations (Figure 2). We examine each event to confirm that the waveforms taper to zero and only one event
is present during the 6-s timewindow.We see the same transition from predominantly Vent C (North crater)
to Vent A (South crater) eruptions on 1 August mentioned in Jolly et al. (2017).
3.6. Evaluation of the Dipole Component
To help evaluate the significance of each dipole component (x, y, and z) to the source inversion, we calculate
the Akaike Information Criterion (AIC). AIC evaluates the significance of free parameters in an inversion
while imposing a penalty for increasing the number of model parameters to discourage overfitting the data.
We follow the formula used in Ohminato et al. (1998)
AIC = N · log(S) + 2r (14)
where N is the number of data points, S is the squared error for the whole waveform, and r represents the
number of free parameters. AIC is a relative calculation in which the lowest AIC should be the ideal number
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Figure 4.Monopole-only inversion results for event YBAL.3A8. (a) Residual map of the grid search for the best source
location, yielding a minimum residual (red star) within 34 m of the low point of the DEM in the Vent A crater (black
star). Grid cells are spaced 15 m apart in a 15 × 15 grid around the crater. Inferred (b) volume flow rate, and (c)
cumulative erupted volume. (d) Data (red) and synthetic (black) waveforms for each station with an overall residual of
0.14 calculated using the full waveforms over the duration of 5.5 s.
of model parameters. We note that while adding the force components to a moment tensor inversion in
seismology (i.e., going from six to nine free parameters) is an increase in number of parameters by 50%,
our multipole acoustic inversion increases the number of free parameters from one (monopole only) to four
(monopole and three dipole components), which is an increase in number of parameters in the inversion by
400%.
To further evaluate the dipole component and determine whether or not the inferred dipole vector has
a dominant direction, we draw similarities with particle motion in seismology. We use rectilinearity
(Montabetti & Kanasewich, 1970), defined as
Fr = 1 −
𝜆2
𝜆1
(15)
where 𝜆1 is the principal eigenvalue (i.e., a measure of the long axis) and 𝜆2 is the second eigenvalue (i.e.,
a measure of the short axis). This equation yields results between 0 and 1, where Fr = 1 represents purely
rectilinear motion.We set a threshold based on visual inspection of Fr ≥ 0.65 to distinguish between events
that have a dominant dipole direction from those that do not. The eigenvalues are calculated from the dipole
time series from 0.5 to 1.5 s, which corresponds to the highest-amplitude oscillations of the dipole compo-
nent for the explosions, and therefore the most likely time period of a dipole source mechanism, if it exists.
The dominant direction is found by fitting a line in 3-D to the dipole solution using singular value decompo-
sition (SVD), allowing for an azimuth and inclination to be determined using the first principal component.
Explosions with directivity will likely have rectilinear acoustic dipole components.
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Figure 5. Volume flow rates ordered chronologically for selected events from (a) Vent A and (b) Vent C. Amplitudes
are normalized to the peak of the largest event for each vent.
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Table 1
Inversion Volume Flow Rate Summary for the 80 Events Used in This Study for Vents A and C
Vent A Vent C
No topography Topography No topography Topography
Monopole-only peak volume flow rate [104 m3/s] Range 1.9–6.1 1.8–5.8 0.37–3.6 0.33–2.7
Average 4.1 3.7 1.1 0.91
Multipole peak volume flow rate [104 m3/s] Range 2.1–6.5 1.7–5.7 0.36–3.3 0.31–2.5
Average 4.3 3.5 1.1 0.88
Monopole-only cumulative volume [104 m3] Range 1.2–7.8 1.3–7.5 0.30–5.9 0.38 – 5.7
Average 4.0 4.0 1.3 1.4
Multipole cumulative volume [104 m3] Range 1.3–7.2 1.0–7.2 0.24–4.9 0.33–5.1
Average 3.7 3.5 1.1 1.3
Monopole-only residual Range 0.18–0.75 0.10–0.26 0.27–0.69 0.08–0.26
Average 0.37 0.16 0.47 0.14
Multipole residual Range 0.12–0.30 0.03–0.11 0.090–0.17 0.021–0.11
Average 0.18 0.065 0.13 0.050
Additionally, we examine the stability of the inversions by varying the number of iterations the LSQR iter-
ative solver completes before returning a solution m. We present these results as a convergence curve of
the solution norm versus squared error (residual), in which the number of iterations that gives the solution
closest to the corner of the convergence curve (i.e., location of maximum curvature) is the ideal number of
iterations (e.g., Aster et al., 2013). We examine solutions for a select number of iterations to determine the
dependence of the solution on the number of iterations performed, and therefore an estimate of stability of
the inversion.
4. Results
4.1. Monopole Inversion
Waveforms for 80 explosions of Yasur volcano (40 per active vent) are inverted for the monopole acoustic
source time function over a 15 × 15 grid of possible source locations. Results for example event YBAL.3A8
are shown in Figure 4. The 225 possible grid search source locations are colored by the squared error of the
waveform fit, or residual, in Figure 4awhere lower residuals correspond to a better fit to the data than source
locations with higher residuals. The slight smearing of low residuals in the northwest-southeast directions
is likely due to the lack of station coverage in those azimuths (station YIF6.1 that did not collect data during
the aerostat campaign was located to the northwest), which decreased location constraint in that direction.
The inversion source location (minimum residual, red star) is consistent with the assumed Vent A location
at the DEM minimum in that subcrater (black star). The inferred source time function as the volume flow
rate as a function of time is shown in Figure 4b, with a peak volume flow rate of 5.2 × 104 m3/s and duration
of∼2.5 s. The cumulative volume flow rate (i.e., integrated form of Figure 4b) is shown in Figure 4c, yielding
a cumulative erupted volume of 4.4 × 104 m3. In our model, the volume flow rate corresponds to the gas
injection into the atmosphere. The waveform fit for the inversion is shown in Figure 4d, where the data are
red and synthetics are black. The residual for this monopole-only inversion for the full waveform over 5.5 s
is 0.14, which indicates a good fit to the data but other source terms might still be present that cannot be fit
by an isotropic source. The relative arrival time of the initial compression between 1 and 2 s matches well
for all stations; however, the amplitude of the initial compression of the synthetic waveforms differs from
the data for some stations (e.g., YIF1.1, YIF4.1, and YIF5.1).
Inversion results for all 80 events show similarities and differences between the two active vents. Overall,
the grid search method locates the events within ∼30 m of the lowest point of the crater, or assumed vent
location (Figure 4a, black star for Vent A). This confirms that events are from the correct active crater. We
leave high resolution source location studies to other methods such as reverse time migration (e.g., Kim &
Lees, 2014), as source location is not the main focus of this study. The normalized volume flow rates using
the monopole inversion for explosions 1–40 for vents A and C are shown in Figures 5a and 5b, respectively.
Vent A explosion volume flow rates generally have an abrupt onset that decreases rapidly during the first few
tenths of a second, where Vent C explosion volume flow rates decrease more smoothly as a function of time.
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Figure 6. Comparison of monopole source inversion results for selected events. (a) Cumulative volume versus peak
volume flow rate. (b) Residual versus peak volume flow rate. Vent A results are shown as green circles and Vent C
results as blue triangles.
While explosion amplitudes cover awide range for the 80 events investigated, volume flow rates have similar
shapewithin each vent category, with amain onset that tapers back to zero after roughly 2.5–3 s. The average
peak volume flow rate for 40 Vent A explosions is 3.7 × 104 m3/s and average cumulative erupted volume is
4.0× 104 m3. Vent C explosion volume flow rates are smaller than Vent A, with an average peak volume flow
rate of 9.1× 103 m3/s and average cumulative erupted volume is 1.4× 104 m3. The results are summarized in
Table 1. Peak volume flow rate and cumulative volume for vents A and C are plotted in Figure 6a, indicating
that events with higher peak volume flow rates tend to have higher cumulative volumes. Peak volume flow
rates generally correlate with cumulative volumes. Peak volume flow rate does not appear to correlate with
inversion residual in Figure 6b, suggesting that waveform fit is not dependent on the size of an eruption.
We next investigate the stability of themonopole inversions by changing the number of iterations performed
in the LSQR iterative solver, ranging from 10 to 100,000 iterations. The monopole-only volume flow rate
solutions are nearly identical and not dependent on the number of iterations used in the iterative solver, as
shown in Figure S1 in the supporting information. Our stability test indicates that the solution converges
fast and that small changes in fit to the data do not impact the volume flow rate solution.
4.2. Multipole Inversion
We perform a multipole (monopole and dipole in x, y, and z) acoustic waveform inversion for the same
example event as the previous section (YBAL.3A8), finding that the multipole inversion provides a better fit
to the data. The source location is set to the minimum-residual location determined by the monopole grid
search to facilitate comparison with the monopole inversion (Figure 4). While not shown, a grid search for
the multipole mechanism results in a less distinct minimum source location than the monopole inversion
due to the increased number of model parameters. The multipole-derived volume flow rate as a function of
time is shown in Figure 7a, with a peak volume flow rate of 5.1 × 104 m3/s and duration of∼2.5 s, producing
a cumulative volume of 4.0 × 104 m3. The shape of the volume flow rate solution (solid line) is very similar
to that of the monopole-only inversion solution (dotted line), with the peak and cumulative volume values
being slightly smaller by 2.0% and 9.3%, respectively. This is a common trend for many events, as will be
discussed below. The differentiated volume flow rate, which allows for the monopole and dipole sources to
be more easily compared in the same physical dimension (acceleration), is shown by Figure 7b. The dipole
forces in the x, y, and z directions are shown in Figures 7c–7e, yielding a peak dipole strength (sum of the
squares of the forces in x, y, and z) of 6.4 × 107 N. The fact that the monopole and dipole source components
are in phase suggests that the same physical source responsible for both, or that the inversion wants to par-
tition the same source time function between monopole and dipole components. This can be interpreted as
an explosion mechanism that is not perfectly omnidirectional (monopole) but has some directivity (dipole)
structure to it. The vertical dipole that is larger than the horizontal dipoles may indicate a directional explo-
sion in which the displaced fluid by jetting solid objects and gas/fluid phase is accelerated mainly in the
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Figure 7. Inversion results for the multipole (monopole and three force components) for event YBAL.3A8. (a) Volume
flow rate for the monopole component of the multipole inversion (solid line) and monopole-only inversion (dotted
line). (b) Differentiated volume flow rate (acceleration). Force in (c) x, (d) y, and (e) z directions. (f) Data (red) and
synthetic (black) waveforms for each station. A residual of 0.03 is calculated using the full waveforms over the duration
of 5.5 s.
vertical direction (Chouet et al., 1974; Gerst et al., 2008; Johnson et al., 2008). The waveform fit for the mul-
tipole inversion for all stations is shown in Figure 7f. The residual has decreased to 0.03 for the multipole
inversion from 0.14 for the monopole-only inversion and the amplitude of the synthetics for the first com-
pression match the data well with the addition of the dipole components. These dipole components can be
better visualized spatially in Figure 8. The inferred dipole for event YBAL.3A8 is predominantly positive in
the vertical dimension and to the northeast, with an inclination of 67◦ from horizontal and azimuth of 19◦
clockwise from north. This event had a rectilinearity of 0.93, which is one of the highest rectilinearities and
may indicate a strong dipole component for this explosion.
The volume flow rate solutions for the multipole inversions for all 80 events investigated in this study are
similar in both magnitude and shape to that of the monopole-only inversion (Table 1). The peak volume
flow rate and cumulative volume generally decrease slightly when the dipole components are added to the
inversion. For Vent A, including the dipole components in the inversion causes an average decrease of 6.0%
for peak volume flow rate and 11% in cumulative volume. ForVentC, the additional components, on average,
decrease the peak volume flow rate by 2.7% and cumulative volume by 5.8%.
Vents A and C have distinct dipole characteristics both in amplitude and direction. Peak dipole strengths
range between 6.8 and 75 × 106 N with an average of 3.3 × 107 N for Vent A and 2.4–25 × 106 N with an
average of 6.1 × 106 N for Vent C. Explosions with higher peak volume flow rates tend to have higher peak
dipole strengths (see Figure 9a, where peak dipole strength is plotted with peak volume flow rate). This is
in agreement with the results of Figure 6b of Kim et al. (2012), where it is shown that events at Tungurahua
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Figure 8. Dipole direction results for the multipole inversion (monopole and three force components) for event
YBAL.3A8 in the three principal planes. (a) View of dipole in the X-Y plane. (b) View of dipole in the X-Z plane.
(c) View of dipole in the Y -Z plane. (d) View of dipole in 3-D from a viewing azimuth of 300◦ and an elevation of 15◦.
Note, the coordinate system used is +x (East), +y (North), and +z (up). Plots are normalized to the maximum dipole
component value for the explosion and colored by time.
volcano with higher volume flux have higher dipole strengths. We note that Figure 9a also indicates that
the dipole strength is substantially greater for Vent A than for Vent C events. A 3-D view of the dipole
component of the multipole inversion for the first 12 events examined for each vent is shown in Figure 10.
Explosions fromVent A not only have higher dipole strengths but also have amore defined dominant dipole
direction than those fromVent C,meaning that the dipolemore closely resembled a line in three dimensions
(Figure 10). We further quantify the dipole direction using rectilinearity, where events that were considered
to have a dominant dipole direction had rectilinearities greater than 0.65. Rectilinearities for Vent A ranged
from 0.11–0.93, with an average of 0.71, while rectilinearities for Vent C ranged from 0.09–0.75 with an
average of 0.47. Using a rectilinearity threshold of 0.65, 29 of 40 Vent A events and 6 of 40 Vent C events have
dominant dipole directions. The rectilinearity is plotted as a function of peak dipole strength for Vents A
and C (Figure 9b). Vent A explosions with high peak dipole strengths tend to have high rectilinearity as well.
For low peak dipole strength for Vent A and most explosions from Vent C the trend is not very clear. This
suggests that events with higher dipole strengths tend to have more defined dominant dipole directionality.
It is unclearwhether smaller events have less distinct directionality, or if it is just due to lower signal-to-noise
ratio.
To further evaluate the significance of each dipole component (x, y, and z) to the source inversion, we calcu-
late the AIC. AIC decreases as free parameters are added to the inversion (Table 2). This calculation suggests
that all three dipole components lower the AIC score and may be the best solution according to the AIC
calculation.
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Figure 9. Comparison of monopole source inversion results for all events. (a) Peak dipole strength versus peak volume
flow rate. (b) Peak dipole strength versus rectilinearity. Vertical dotted line in (b) denotes the Fr ≥ 0.65 cutoff for
events considered to have a dominant dipole direction.
AIC calculations for the majority of our multipole inversions show that the addition of dipole components
in the source inversions lowers the AIC score. For Vent A, 26 of 40 events had AIC values for all four com-
ponents less than that of the monopole-only inversion, while 17 of 40 events had the inversion with all four
components as theminimumAIC overall (i.e., out of themonopole,monopole+Fx, monopole+Fx+Fy, and
monopole +Fx + Fy + Fz). For Vent C, 39 of 40 events had AIC values for all four components less than the
monopole only inversion, while 21 of 40 events had the inversion with all four components as theminimum
AIC overall. These AIC calculations show that the addition of dipole components in the source inversion
lowers the AIC score and likely not only fitting the noise. However, AIC is only one metric for evaluating
inversions with increasing number of free parameters.
We also investigate the stability of the multipole inversion by varying the number of iterations in the LSQR
iterative solver. A convergence curve of the norm of the solution (||x||) and squared error (residual) with
respect to number of iterations for event YBAL.3A8 with the source location fixed is shown by Figure 11a.
This curve illustrates that there are multiple local maximum curvature points as the number of iterations is
increased (as opposed to the more traditional “L-shape”), creating a step-like pattern with jumps in solution
norm corresponding to very small changes in residual. The volume flow rate, Fx, Fy, and Fz solution vectors
are shown by Figures 11b–11e, respectively, for 100, 1,000, and 10,000 iterations. We find that the volume
flow rate solution remains stable, even with an extreme case of 10,000 iterations (Figure 11b). This indicates
that the volume flow values for monopole source are reliable, regardless of whether the dipole components
are included in the source inversion or not. However, the dipole component solutions show large solution
variations between iterations with small improvement in the data fitting (Figures 11c–11e).
4.3. Directionality
We explore the acoustic radiation pattern using simple waveform amplitude observations, specifically the
difference in amplitude for the initial compression between the synthetic waveforms from the monopole
inversion and the data (e.g., Figure 4d, stations YIF1.1, YIF4.1, and YIF5.1). Differences in amplitude
between the data and model for the monopole inversion may be related to a dipole component or noise.
We calculate this amplitude deviation (Adev), or fractional misfit between the peak data compression ampli-
tude (Ad(tmax,d)) and corresponding synthetic value (Am(tmax,d)) divided by the peak data amplitude, for each
station as follows
Adev =
Ad(tmax,d) − Am(tmax,d)
Ad(tmax,d)
(16)
These percent differences are plotted as a function of azimuth from the vent for vents A (Figure 12a) and
C (Figure 12b), where red corresponds to data amplitude being larger than the synthetics (i.e., synthetic
underpredicts data amplitude) and blue denotes synthetic amplitude being larger than data amplitude (i.e.,
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Figure 10. Visualization of the dipole component of the multipole inversion for the first 12 events investigated for both
vents. The x, y, and z components of the dipole solution are normalized for each event to emphasize dipole solution
shape, with axes labeled on the bottom left plot. Rectilinearity for each event is given by Fr .
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Table 2
AIC Calculation Using the Residual for the Entire Waveform for Example
Event YBAL.3A8
Squared error AIC
Monopole 0.14 −6520
Monopole + Fx 0.12 −6098
Monopole + Fx + Fy 0.07 −7067
Monopole + Fx + Fy + Fz 0.03 −9466
synthetic overpredicts data amplitude). This analysis shows that the monopole source mechanism under-
predicts amplitudes to the east and south (e.g., YIF2-5) but overpredicts the amplitude to the north (e.g.,
YIF1.1), even after the effects of topography are accounted for in the synthetic waveforms.
4.4. Topographic Impact onWaveform Inversions
We rerun our source inversions using 1-D Green's functions obtained by simulating across a flat horizontal
plane to assess the significance of topography on the Green's functions and inversion. This is the acoustic
equivalent of a 1-D versus 3-D seismic groundmotion simulation (e.g., Rodgers et al., 2018) to quantify path
effects. The peak volume flow rate for example event YBAL.3A8 for a 1-D simulation is 5.7 × 104 m3/s, as
compared to 5.2 × 104 m3/s for the 3-D simulation with topography. For this example, this results in a 8.7%
decrease in peak volume flow rate when topography is included. We find that the peak volumetric flow rate
for the 80 events examined in this study is overestimated by 10% for Vent A events and 16% for Vent C events.
Additionally, waveform fit is worse when topography is not accommodated. The residuals for the 80 events
explored in this study are, on average, 53% and 69% higher for vents A and C, respectively, for simulations
propagated across a horizontal plane than when topography is considered. We summarize the values both
with and without accounting for topography for peak volume flow rate, cumulative volume, and residual in
Table 1.
A stability test and convergence curve is constructed for inversions propagated across a 1-D horizontal plane
(Figure 13a). The inversion results for the volume flow rate remains stable and is not dependent on the
number of iterations (Figure 13b). Figures 13c and 13d show similar solutions for the Fx and Fy compo-
nents of the dipole that do not vary largely with number of iterations compared to the multipole inversion
results across topography (Figures 11c and 11d). However, the vertical dipole (Fz) remains dependent on
the number of iterations as shown in Figure 13e, making results unreliable with the given station coverage
(only a single sensor on the tethered aerostat). These results indicate that the multipole inversion is more
Figure 11.Multipole inversion stability test. (a) Convergence curve of the norm of the solution (||x||) and squared error
(residual) with respect to number of iterations allowed by the least squares iterative solver for event YBAL.3A8. Panels
(b)–(e) show the volume flow rate, Fx, Fy, and Fz solution vectors, respectively, for 100 (blue), 1,000 (pink), and 10,000
(green) iterations. Blue, pink, and green triangles in (a) correspond to volume flow rate vectors plotted in (b)–(e).
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Figure 12. Difference in amplitude of the peak initial compression between modeled waveforms from a monopole-only
inversion and the data for explosions from (a) Vent A and (b) Vent C. Positive differences signify that data amplitudes
are higher than the model (red), while negative differences correspond to model amplitudes greater than the data
(blue). Points near the center mean that the amplitudes match well, with zero being a perfect match.
stable with the Green's functions across a plane for the Fx and Fy components than when topography is
accounted for, but the vertical dipole remains unstable. This increased stability may be due to those Green's
functions being simpler than the Green's functions across topography, or possibly due to an effective dipole
component induced by topography being better modeled by a single dipole approximation.
4.5. Contribution of the Aerostat Station to the Inversion
An enhanced characterization of the dipole component and acoustic directionality is afforded by including a
sensor in the vertical dimension (in our case, aboard a tethered aerostat) that is not seenwhen only using sta-
tions placed on the Earth's surface (see Jolly et al., 2017, their Figure 1 for diagram of the tethered aerostat).
Figure 14 shows the dipole component solution when the aerostat sensor is included for source inversion
(top row, a–d) and when the aerostat sensor is not included (bottom row, e–h) for event YBAL.3A8. All com-
ponents in Figure 14 are normalized to the global maximum across both inversions to facilitate visual com-
parison. Including the aerostat sensor yields a clear dominant dipole direction (Figures 14a–14d), while only
Figure 13.Multipole inversion stability test over a 1-D plane. (a) Convergence curve of the norm of the solution (||x||)
and norm of the residual (||r||) with respect to number of iterations for event YBAL.3A8. Panels (b)–(e) show the
volume flow rate, Fx, Fy, and Fz solution vectors, respectively, for 100 (blue), 1,000 (pink), and 10,000 (green)
iterations. Blue, pink, and green triangles in (a) correspond to volume flow rate vectors plotted in (b)–(e). The Fz
component is highly sensitive to the iteration number.
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Figure 14. Comparison of dipole inversion results including the aerostat sensor in the inversion results (top row, a–d)
and without (bottom row, e–h) for event YBAL.3A8. Components are normalized to the maximum of all components
across both inversions. Dipole magnitude and directions are more pronounced when the aerostat sensor is included.
using the ground stations yields a much smaller dipole amplitude and less clear dominant dipole direction
(Figure 14e–14h). Peak volume flow rate with and without the aerostat sensor is 5.1 × 104 m3/s and
4.4 × 104 m3/s, cumulative volume is 4.0 × 104 m3 and 3.6 × 104 m3, and peak dipole strength is 6.4 × 107 N
and 1.8× 107 N, respectively. These are all large differences, highlighting the potential importance of vertical
sensors. We note that the aggregate residual decreases when the aerostat sensor is included in the multipole
inversion, in this case from 0.14 to 0.03. Some individual events have a residual increase when the aerostat
sensor is included in the inversion.
Similarly, we perform a “jackknife resampling” test for the entire network to assess bias in the inversion.
We systematically remove each one of the seven sensors from the multipole inversion and compare results
including peak volume flow rate, peak dipole strength, rectilinearity, and residual (Table 3). Rectilinearity
and peak dipole strength remain high (>0.90 and>4.7× 107 N, respectively) when YIB2.1, YIF3.1, or YIF2.1
are removed from the inversion. This indicates that the inversion is least sensitive to these stations, which
happen to be in the middle of the azimuthal distribution of the stations deployed (Figure 2). Rectilinearity
and peak dipole strength decrease greatly when YBAL.3, YIF5.1, or YIF1.1 are removed from the inversion,
which are the three stations that stretch the azimuthal and vertical coverage of the deployment. We note
that YIF1.1-YIF5.1 were located on the crater rim and therefore had similar vertical coverage, while YBAL.3
Table 3
Results of a Jackknife Resampling Test for the Multipole Inversion of Example Event YBAL.3A8
Excluded Peak volume flow Peak dipole Largest azimuthal
station rate (104 m3/s) strength (107 N) Rectilinearity Residual gap (◦)
None 5.1 6.4 0.93 0.03 145
YBAL.3 4.4 1.8 0.32 0.14 145
YIB2.1 5.1 6.3 0.93 0.16 145
YIF5.1 4.0 2.0 0.17 0.14 205
YIF4.1 4.4 1.7 0.51 0.14 145
YIF3.1 5.0 4.7 0.90 0.14 145
YIF2.1 5.0 6.7 0.95 0.16 145
YIF1.1 2.9 4.1 0.61 0.30 203
Note. Inversions were systematically performed using only six stations, each time with one station excluded from the
inversion. The inversion result (boldface) for all seven stations is included as the first row for reference.
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(aerostat) expands the vertical coverage of the network. A similar analysis for station configuration impact
on source parameters is performed by Kim et al. (2012), where it was found that multipole inversions that
do not account for topography are only stable if at least three stations spanning 180◦ around the infrasound
source are used.
5. Discussion
Themultipole acoustic source inversion canprovide valuable information on a volcanic explosion source, yet
the dipole components may be unstable even with good azimuthal ground station coverage and a station on
a tethered aerostat. The acoustic monopole inversion is stable, converges fast, and solutions of volume flow
rate are reliable given the network distribution of this Yasur volcano campaign (Figure S1). The monopole
results are presented in the form of volume flow rate, which can easily be converted to mass flow rate (see
Fee et al., 2017). Our grid search method indicates that the minimum-residual solution for most events is
located within 30 m of the lowest point of the crater (i.e., our inferred vent location), demonstrating that
events can easily be distinguished between the active vents at Yasur. Explosions from vents A and C show
different characteristics from one another, but the shape and duration of explosion volume flow rates are
similar to other explosions from the same vent. We find that Vent A explosions are larger and have volume
flow rate peaks that decrease more rapidly than those from Vent C.
Although the dipole components may be unstable and/or nonexistent, we contend there is still utility in
analyzing the dipole solutions and their importance to the overall acoustic source. By taking the optimal
solution in the bend of the convergence curve, we make inferences on the source using the most reliable
solution (albeit nonunique). The inclusion of the dipole components in the inversion yields results that indi-
cate that a dipole component may exist for explosions at Yasur, even after topography is accounted for. We
use rectilinearity as a measure of evaluating the dipole component, where events with higher rectilinearity
were determined to have a dominant dipole direction. We find that 29 of 40 events from Vent A and only 6
of 40 events from Vent C had a dominant dipole direction according to this classification. Explosions from
Vent A tend not only to have stronger directionality and a higher dipole strength, but also have amore linear
motion as one would expect from a dipole source mechanism than explosions from Vent C. Furthermore,
we show that inversions for the monopole solution (and hence volume flow rate) remain stable regardless
of whether the inversion includes a monopole or a multipole (monopole and dipole) source mechanism.
The shape and amplitudes of the volume flow rate for the monopole and multipole inversions are relatively
similar (Figure 7a), despite dipole components being allowed to vary freely in the multipole inversion. The
peak volume flow rate and cumulative volume generally decreased slightly when the dipole components
were added to the inversion because part of acoustic pressure is attributed to the presence of a dipole, which
does not generate the net change of mass in the source region.
Using an infrasound sensor elevated from the Earth's surface yields an unprecedented view of the acoustic
wavefield from volcanic explosions, an idea proposed by Matoza et al. (2013). We use a tethered aerostat to
achieve the vertical sensor coverage, but some studies such as McKee et al. (2017) and Rowell et al. (2014)
have used nearby topography for an improvement in vertical station coverage for a network around a vol-
cano. Including the aerostat sensor in the inversions yielded a measurable increase in dipole strength that
would have otherwise been unobservable, and shows the importance of both the vertical sensor coverage
andmultipole inversion. Formany explosions examined here, the peak dipole strength nearly doubledwhen
the aerostat sensor was included in the source inversion. Inversions only using ground sensors often showed
no realistic dipole component. There is a distinct dominant dipole when the aerostat sensor is used and a
more random dipole shape when the aerostat sensor is excluded (see Figure 14). Therefore, 2-D source esti-
mates of volcanic, and potentially anthropogenic, explosions may have underestimated (or at least poorly
constrained) directionality. We caution that this study only uses one infrasound sensor hanging from a teth-
ered aerostat as a proof-of-concept. Because of this, we performed a brief investigation to ensure that the
calculated dominant dipole direction (azimuth and inclination) was not directly linked to the azimuth and
inclination of the aerostat sensor as it moved to various loiter positions.While we do not see a strong correla-
tion, future work should include more infrasound sensors in the vertical direction at varying azimuths and
inclinations simultaneously to further sample the acoustic wavefield and constrain acoustic source direc-
tionality. For a dipole source, there are directions in which radiated acoustic energy density are greatest and
some where radiated dipole energy cannot be detected (analogous to the nodal plane in a seismic moment
tensor). Therefore, dense station coverage at a variety of azimuths and inclinations will be necessary for
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future studies that perform acoustic waveform inversions with the intent to solve for a dipole solution,
if it exists.
5.1. Reliability of the Dipole Component
Many acoustic source inversion studies have assumed that their inversions are stable due to good waveform
fit, station coverage, etc. (e.g., Fee et al., 2017; Johnson et al., 2008; Johnson &Miller, 2014; Kim et al., 2015).
However, our results and analysis suggest that themonopole solution is valid using numerical Green's func-
tion, but the dipole component(s) may still be unstable and nonunique. Including the dipole components
causes decrease in residual by ∼0.10; however, the dipole components are highly dependent on number of
iterations for our scenario (e.g., Figure 11) and station configuration (Table 3). This indicates that a small
amount of noise in the data may change the dipole solution completely. Our results indicate that the mul-
tipole inversion as currently formulated may be ill-posed because the data we collected is not sufficient
to fully constrain the source. Therefore, while our methods find a solution to the multipole inversion, we
cannot uniquely determine that it is the true solution. Consequently, careful attention should be used for
interpretations of our dipole results as they are nonunique. We caution that the commonly used (in vol-
cano seismology) metric AIC which tests the significance of the number of free parameters can provide
misleading results. Of the 80 events we explored, 65 have smaller “goodness of fit” AIC numbers for all four
components than that of the monopole-only inversion. This reiterates that the model that provides the best
fit (i.e., lowest residual) is not always the true solution (e.g., Aster et al., 2013; Bean et al., 2008; O'Brien et al.,
2010). We stress that this is likely the case for many volcano deployments, as we use six ground stations
with good azimuthal coverage as well as a sensor on a tethered aerostat, and still cannot reliably resolve the
dipole component, if it exists. Stability analysis and sensitivity tests should be performed for future studies
before the dipole component results can be considered reliable.
5.2. Eruption Directionality
In a volcanic environment, it is important to make a distinction between dipole radiation resulting
from the source mechanism itself (e.g., the interaction of fluid with the vent walls and solid particles)
(Caplan-Auerbach et al., 2010; Woulff & McGetchin, 1976) and that of an “effective dipole” where the
environment directs acoustic radiation preferentially (e.g., diffraction and reflection of sound induced by
topography, a subvertical conduit, or wind) (Kim et al., 2012). While we cannot reliably solve for the dipole
components using an acoustic source inversion, we can make first-order observations about the unresolved
amplitude differences from the monopole inversion that account for topography influences on the acous-
tic radiation pattern. Jolly et al. (2017) investigated explosions from Yasur during the same field experiment
using both infrasound and video data to explore explosion directivity and found a high-amplitude infra-
sound anomaly at azimuths of ∼60–130◦ for explosions from the Vent C and ∼80–120◦ for explosions from
Vent A (i.e., acoustic amplitudes are higher at the aerostat station than at the crater rim). They also find
an increase in explosion amplitude for higher takeoff angles and that this amplitude anomaly exists for dis-
crete explosions, as well as low-level (tremor-like) activity. However, they do not account for topography
in their interpretations, so acoustic directivity seen in Jolly et al. (2017) could be due to path effects from
topographic scattering by the crater walls (e.g., Kim et al., 2012) or from source directivity. The analysis of
video data for ballistic trajectories that have consistent directionality to the east by Jolly et al. (2017) should
remain true regardless of whether topography is considered for acoustic analysis. Our results are consistent
with these findings, where the monopole source causes an underprediction of initial compression ampli-
tudes toward the east and south but an overprediction the amplitude at YIF1.1 to the north for both vents
(Figure 12). This shows that even though a reliable source inversion for the dipole or directionality cannot
be performed, we see that explosions have directivity, and a monopole source cannot fully explain the data.
Furthermore, this study indicates that multiple stations with excellent azimuthal coverage should be used,
even for monopole source inversions, in order to obtain a more reliable estimate of the volume flow rate and
other source parameters. Comparing our results directly to Jolly et al. (2017) is difficult as different events
were used for the analysis of ballistic trajectories and those in this study. However, the existence of ballistic
trajectory directionality supports our interpretation in our directionality results generally toward the east
and south as ballistic trajectories may be less affected by topography than infrasound (like the amplitude
ratio calculations of Jolly et al. (2017) can be) and are likely indicative of source directionality.
Our method aims to understand the acoustic radiation pattern of volcanic explosions and determine the
relative influence of crater topography versus source mechanism on the observed directionality. While this
method does not solve for the source physics causing that radiation, we briefly mention some potential
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mechanisms. An explosion represented as a monopole is relatively easy to envision, whether it is a Strom-
bolian gas bubble burst or any explosion that radiates infrasound equally in all directions. The physical
representation of the volcanic dipole, however, is not as well understood. Johnson et al. (2008) attribute the
dipole source of Strombolian explosions at Mt. Erebus to be the result of the random location of initial bub-
ble membrane failure that leads to fluid advection. Jolly et al. (2016) explain infrasound source directivity
from amud heave as the result of a gas slug moving through a viscous mud/sulfur lake, though we note that
station coverage was limited and topography effects were not accounted for in their study. If the vent open-
ing is vertical, one would expect the vertical flow of material through the conduit to be modeled as a vertical
dipole (Kim et al., 2012); however, a subvertically oriented conduit could cause a horizontal dipole compo-
nent. Similarly, onemight expect dipole radiation from a lateral blast, such as for the onset of the 1980Mount
St. Helens eruption (Lipman&Mullineaux, 1981). The ability to constrain a reliable dipole could yield infor-
mation on ballistic directivity, as well as a more accurate calculation of volume flow rate via acoustic source
inversion methods. While the dipole component at Yasur, if it exists, is likely small, larger eruptions could
exhibit a larger dipole component, which may affect the calculation of volume flow rate to a greater extent.
5.3. Assumptions and Potential Sources of Error
Results highlighted in this studymay have important implications for the volcano hazards community inter-
ested in calculating eruption mass via infrasound and source directivity, but there are still some notable
assumptions and potential sources of error. In our inversion, we assume that once the effects of topography
are incorporated into the calculation of 3-D Green's functions, the rest of the complexity in the waveform
must be due to the source mechanism. In doing so, we assume a 1-D homogeneous atmosphere, that is, no
winds or density changes. The farthest station we use in this study is roughly 1 km from the active vents,
with most stations being within 0.5 km. At these short distances, winds would have to be very strong in
order to have a measurable effect on the acoustic waveforms (Johnson & Ripepe, 2011; Kim et al., 2015; Kim
& Lees, 2014). Jolly et al. (2017) note that winds were light (<10 m/s) and in the opposite direction (toward
the west-northwest) of the observed directionality here.
We only account for linear sound propagation in our inversions. If nonlinear propagation was present (e.g.,
Marchetti et al., 2013), eruptive volumeswould be underestimates of their true values (Anderson et al., 2018;
Fee et al., 2017). Therefore, our results should be considered a minimum estimate where true volumes (and
therefore masses) could be higher. Our inversion procedure yields low residuals even for high-amplitude
events (>400 Pa at a distances less than 1 km from the vent). For each of the 80 events, we performed a grid
search for the source location, yielding good agreement with the inferred vent location, meaning that waves
likely did not surpass the speed of sound and propagate nonlinearly alongmost of the path (Fee et al., 2017).
We assume that if a nonlinear component existed, it did not appear to last for a considerable amount of time
and, therefore, nonlinear effects were likely weak (e.g., Fee et al., 2017).
Residuals for other recent monopole inversions such as Kim et al. (2015) and Fee et al. (2017) are smaller
(generally <0.15, see Fee et al., 2017, Figure 4) than the ones calculated in this study (ranging from 0.08
to 0.26 for the monopole). We suggest this is because (i) Yasur may have a stronger dipole component; (ii)
we have seven stations (compared to five and six of previous studies), including one on a tethered aerostat;
and (iii) we are fitting higher frequencies than the other inversion studies (we filter between 0.1 and 8 Hz,
while Kim et al. (2015) and Fee et al. (2017) use 0.001–2 Hz and 0.05–3 Hz, respectively). This also raises
potential concern in assuming only a monopole source in the inversion as the true source mechanism may
have higher order terms.
Due to the difficulty in obtaining a very accurate, high-resolution (<2 m) DEM in the visual band, we were
forced to stitch together multiple DEMs from different methods (see section 3.2). Using other methods,
such as LiDAR, which are not affected by residual steam and gas, would be preferable. We also note that
topography can change between explosions over short time scales due to the frequent and explosive nature
of Yasur, therefore the DEM should be created near the time of the field experiment. Another limitation of
our inversion related to the DEM is that we assume a rigid topography. In reality near-surface layers have
lower impedance.
Another potential source of error is the vertical location of the aerostat sensor. While the horizontal location
(latitude and longitude) were recorded by the DATA-CUBE digitizer that was hanging from the tethered
aerostat with the acoustic sensor, the vertical location was not recorded. Tests in similar atmospheric con-
ditions were performed (outlined in Jolly et al., 2017) and indicate that vertical errors are on the order of
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15 m while lateral errors are around 10 m. Given a reasonable speed of sound of 346 m/s, this yields arrival
time errors on the order of 0.043 s vertically and 0.029 s horizontally. Our inversion uses a cross-correlation
component which allows for timing errors up to 0.04s, as well as an individual grid search for each individ-
ual event to help mitigate the effect of aerostat and vent migration location errors on the inversion. We refer
to Jolly et al. (2017) for a full description of how the vertical locations were calculated. Similarly, the main
vents migrated as much as 20 m laterally over short time scales during this deployment (Jolly et al., 2017)
as documented by daily UAV flyovers. These changes were also mitigated by this cross correlation compo-
nent. Additionally, while our method accounts for potential vent migration between events by performing a
grid search for the monopole-only inversion, we assume that the source is fixed during an explosion. Visual
imagery suggests that the vents did not have measurable spatial variations within the explosions, however,
there could be some spatial variation of the acoustic source over the course of a few seconds.
The events used in this study were discrete, short duration, Strombolian-type explosions. Due to the large
number of explosions (thousands over the field campaign) and computational time for the FDTD calcula-
tion of theGreen's functions, we limited our study to 80 explosionswith high signal-to-noise ratio andwhose
waveforms taper back to zero within a 6-s window. We also did not include time periods when measurable
acoustic energy was emanating from both vents simultaneously. Future work should begin to expand acous-
tic source inversions to include more complex and sustained volcanic activity, including more energetic and
hazardous eruptions. Additionally, this work would benefit greatly from a denser set of observations spa-
tially and temporally. Our study also presents some of the first inversion results using infrasound sensors
aboard a tethered aerostat, showing promise for their use in future experiments.
6. Conclusions
Two goals in volcano infrasound research we address in this study are (1) to invert acoustic data to infer
erupted mass or mass eruption rate from an explosion and (2) to characterize the explosion directional
radiation pattern. Here we assess the ability of typical network deployments and a new acoustic multipole
inversion scheme that accounts for 3-D topography along with an acoustic sensor aboard a tethered aerostat
to provide stable volcanic source constraints. We compare results for inversions that use a monopole-only
source, multipole (monopole and dipole) source, propagation across a horizontal plane, and with varying
station deployment geometries. We find that the monopole source mechanism is a good approximation
for explosions at Yasur volcano as it is stable, reliable, and leads to relatively small waveform residuals
when topography is included using numerical Green's functions. The predominantly monopole explosions
of Yasur Volcano are in agreement with previous studies of acoustic inversions that account for topogra-
phy (e.g., Fee et al., 2017; Kim et al., 2015). We introduce a simple linear trend correction method applied
post-inversion to detrend the volume flow rate solution. We find that Vents A and C have distinct charac-
teristics, where both volume flow rate and dipole strength are substantially greater for Vent A than for Vent
C events. Additionally, the peak dipole strength nearly doubled when the aerostat sensor was included in
the source inversion, compared to a very small dipole component when only ground sensors where used.
Therefore, 2-D deployments and subsequent source estimates of volcanic explosions may have underesti-
mated and poorly constrained directionality. Our results indicate that inversions for the multipole source
mechanismwith all three dipole components (Fx, Fy, Fz) are unstable, evenwith an enhanced network that
included an acoustic sensor on a tethered aerostat. We show that a nonunique multipole solution can be
determined and metrics such as rectilinearity can be used to quantify them. We stress that improved wave-
form fits due to the inclusion of the dipole components as free parameters in subsequent calculations of AIC
do not necessarily imply improved source inversion results. Stability of future acoustic inversions should
be explored (e.g., Bean et al., 2008) before dipole components can be considered reliable and interpreted in
their entirety. Even though a fully stable, unique source inversion for the dipole is not available here, we
find that explosions exhibit directionality and that a monopole source, after topography is accounted for,
cannot explain the data fully. First compression amplitude comparisons between data and synthetics show
that amplitudes are underpredicted toward the east of the volcano and may therefore not be fully modeled
by an isotropic source. This is consistent with ballistic directionality toward the east and likely represents
explosion source directionality, which aids the understanding of eruption source dynamics and associated
hazards. Furthermore, we reiterate that neglecting effects of topography especially in complex topographic
regions such as volcanoes during acoustic waveform inversions leads to overestimation of the volume flow
rate (e.g., Kim et al., 2015). These factors should be considered in future acoustic source studies, particularly
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if used for volcano monitoring purposes to infer erupted mass of explosions. The effect of limited acous-
tic wavefield sampling should also be explored further using synthetic tests other real examples, both for
volcanic and anthropogenic sources.
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